Introduction
Heart failure (HF) is a condition where the heart fails to pump sufficient blood to meet tissue metabolic demands [1] . Clinically, HF progressively damages multiple organ systems and, as a consequence, is a leading cause of cardiovascular morbidity and mortality affecting over 23 million people worldwide [2] . The socio-economic impact of HF is substantial [2] and prone to grow based on the demographics of the Western population. The disastrous effects of HF and its several comorbidities on patient quality of life underscores the importance of a complete understanding of this pathology to expedite effective treatments.
The leading symptom in HF is a drop in cardiac output (CO) as a consequence of impaired cardiac contractility. Remarkably, despite severe reductions in CO, concomitant reductions in mean arterial pressure (MAP) are often disproportionately modest. For example, Sullivan et al. [3] found that reductions in CO by ∼ 26% were associated with only ∼ 5% decline in MAP. Our group has found a similar disparity between the drop in CO (by ∼ 44%) and the reduction in MAP (by ∼ 8%) when characterizing microvascular changes in a murine model of HF [4] . The mild impact of compromised heart function on MAP results from a compensatory increase in total peripheral resistance (TPR). In early HF, the overall effect of the TPR increase is positive despite the associated negative effects on tissue perfusion and the performance of an already compromised heart. However, the latter become primary elements in the pathogenesis of advanced HF, shedding a spotlight on the mechanisms that regulate TPR under these conditions.
The Role of Total Peripheral Resistance in Heart Failure
Ohm's law predicts that in order to preserve MAP at near physiological levels, when CO drops TPR must increase. TPR is, indeed, elevated in HF patients [3, 5] , albeit at the expense of tissue perfusion (which is inversely proportional to vascular resistance). At early stages of HF, this reduction in tissue perfusion, although counterintuitive based on its potential to compromise organ viability, is well tolerated on the organ level. At this initial stage, the recruitment of TPR to support maintenance of MAP at preset 'normal' levels is beneficial to the system. However, with the progression of HF the system drifts towards a situation characterized by a maximal increase in TPR and a further declining CO resulting in a falling MAP that is now exclusively governed by CO. Consistent with this notion, a reduction in resting MAP is predictive of future morbidity and mortality and a signature of advanced HF [6] [7] [8] . It is also apparent that at latestage HF, where low CO prevails, the negative impact of increased TPR on cardiac performance and tissue perfusion outweighs its beneficial effects on MAP.
In summary, the recruitment of TPR for strict adherence to a predetermined MAP level accelerates the clinical decline in late-stage HF and ultimately seals the patient's fate. Consequently, symptoms resulting from the change in TPR are valuable predictors of the disease's outcome. In early-stage HF, higher TPR is unmasked during exercise (i.e. ∼ 14.3-17.9% higher TPR in the highthan in the low-risk cohort as calculated from [6] and [9] ) and correlates positively with a later severe outcome; as such, the typical symptoms of limited exercise performance [1] assist in diagnosing HF [10] .
The HF-induced increase in TPR is achieved through an indiscriminate augmentation in microvascular tone across all vascular beds. This has widespread clinical consequences [11] including: (i) compromised cerebral blood flow [12] , possibly explaining the HF-associated decrements in higher order brain function (i.e. memory loss, reduced executive function, psychomotor slowing) [13, 14] , (ii) reduced kidney perfusion [15] resulting in decreased serum sodium and increased serum creatinine [16] [17] [18] and (iii) inhibited skeletal muscle blood flow [3, 5] leading to altered skeletal muscle structure and function [19] . Importantly, these findings establish impaired organ perfusion as a possible link between HF-associated TPR increases and poor outcome and mortality in HF patients.
The emerging importance of altered TPR in HF is distinct from a purely 'cardiocentric' view on this disease. New and exciting avenues of research will lead the way to novel treatment options that will fight this devastating condition by targeting TPR and its anatomical/functional correlates.
From a simplistic perspective, the increase in TPR results from alterations in function and/or structure of precapillary resistance arteries, which utilize a plethora of molecular mechanisms to continually match tissue perfusion and metabolic demand. In HF, these molecular mechanisms change, driving a functional and structural rearrangement of resistance arteries that soon become both hallmarks and promoters of the disease. The current HF literature suggests that the altered activity of precapillary resistance arteries results from a combination of decreased vasodilation and increased vasoconstriction, and occurs in the absence of structural remodeling towards a smaller luminal diameter.
Endothelial Function in Heart Failure
Starting in the 1980's, vascular research has fueled the idea that the endothelial layer precisely governs vascular smooth muscle cell (VSMC) constriction, and hence TPR using an array of endothelium-derived vasodilating factors (e.g. nitric oxide (NO), prostacyclin and the endothelium-derived hyperpolarizing factor). In brief, this paradigm suggests that the absence of endothelium-derived substances is responsible for both a reduced capacity to vasodilate (acutely reducing vascular diameter) and disinhibited smooth muscle cell growth (chronically reducing vascular diameter). A strong body of evidence shows that peripheral vasodilation is impaired in HF patients [20] [21] [22] , that the degree of impairment positively corre-lates with adverse outcomes [20] and that endothelial function in arteries isolated from HF animal models represents an important target for HF-induced pathological changes [23, 24] .
Not surprisingly, compromised vasodilation in HF has been linked to endothelial dysfunction as a result of reduced bioavailability of NO, an observation that fits well with the prominent role assigned to NO in the mechanism of vasorelaxation. Indeed, even prior to the era of NO as an endogenous endothelium-derived factor [25, 26] the NO-donor nitroprusside was successfully used in HF patients to lower TPR and blood pressure, and to improve their cardiac performance [27] . The bioavailability of endogenous NO can be impaired in HF by several pathologic mechanisms: (i) reduced NO production due to reduced expression, activity [28] [29] [30] [31] or uncoupling of endothelial NO synthase (eNOS) [32] , (ii) increased NO degradation by heightened levels of reactive oxygen species [33] and (iii) decreased sensitivity of VSMCs for NO [34] [35] [36] .
In spite of this evidence, the concept that endothelium-derived NO plays a primary role in the modulation of TPR in HF has been challenged by animal models that show maintained endothelium-dependent dilation despite increased TPR at various stages of HF [4, [37] [38] [39] [40] . The temporal dissociation between the increase in TPR and endothelial dysfunction suggests that nonendothelial mechanisms carry the immediate TPR response and that endothelial dysfunction is a delayed complication. From this perspective, the general impairment of endothelial integrity in late-stage HF, which is characterized by findings like reduced eNOS expression [41] , consecutively impaired endothelium-dependent dilation [38, 42] , enhanced platelet adhesion [43] , expression of proinflammatory endothelial markers [44] and reduction of the vascular lumen [45] , could be interpreted as 'collateral damage' resulting from preceding structural and functional changes. Therefore, it becomes increasingly clear that the concept of endothelial dysfunction does not sufficiently encompass the initial phase of vascular responses to the hemodynamic challenges of HF.
Vascular Smooth Muscle Cell Function in Heart Failure
Recent studies have shed a new light on a possible role for intrinsic VSMC signaling in the cascade of events leading to augmented TPR in HF. VSMCs are the cellular targets of the sympathetic system within the wall of resistance arteries and, as such, their sympathetically driven contraction is part of the immediate pressor response that follows the drop in CO. Recent data, however, suggest that the strong sympathetic influence on peripheral arterial tone is only transient; sympathetic tone and vascular reactivity dissociate in later phases of HF. Mice suffering from HF following ligation of the left anterior descending coronary artery (LAD) start to maintain elevated peripheral tone independent of sympathetic activation at 2 weeks post-LAD ligation [4] . In rats 4-6 weeks post-LAD ligation, increased plasma catecholamine levels are compensated by a reduced arterial sensitivity to α 2 -agonists [46] . Most importantly, human HF patients also display a similar dissociation with elevated skeletal muscle sympathetic nerve activity and corresponding plasma norepinephrine levels [47, 48] on one side, and changes in TPR on the other [49] .
These data suggest that in early stages of HF there is a switch of regulatory responsibility away from a central governor (i.e. sympathetic nervous system) towards peripheral local mechanisms. Several vascular mechanisms could, in principle, regulate the local increase in microvascular resistance: (i) microvascular structural remodeling and (ii) the active myogenic response. Inward remodeling (eutrophic or hypertrophic) of resistance arteries, commonly seen in essential hypertension, manages to maintain elevated peripheral resistance with minimal active constriction [50] . However, passive remodeling seems not to play a role in HF: despite elevated intima-media thickness and greater wall-to-lumen ratio in the brachial artery, lumen diameter is no different between control and HF patients [51, 52] . Furthermore, HF does not alter dilation to direct NO donation or wall cross-sectional area of rat [53] and mouse [4] mesenteric arteries, illustrating the absence of structural remodeling. Therefore, instead of undergoing structural changes, resistance arteries seem to adopt a state of 'functional remodeling' that allows for a dynamic, but potentially reversible, increase in tone and vascular resistance.
Recent data have identified the enhancement of the pressure-induced myogenic response as the mechanism that promotes a proconstrictive state in the microvasculature [4, 53, 54] ( fig. 1 a, b) . Although this concept of myogenically driven peripheral vasoconstriction is suited to explaining how the sympathetic nervous system could be released from the single purpose of driving TPR (which should benefit homeostasis in the autonomic nervous system), the idea of enhanced myogenic responsiveness in HF presents a conceptual dilemma: the pressure-induced myogenic vasoconstriction increases despite decreasing pressure levels (i.e. systemic MAP). At first glance, this seems counterintuitive and defeats the original purpose of the myogenic response to keep flow constant through proportional adaptation of vascular resistance to pressure. However, the mere existence of a compensatory pattern in HF that sacrifices proper autoregulation for the benefit of stronger vasoconstriction at a given pressure level reveals important insights: (i) maintaining MAP within acceptable limits has priority over tissue perfusion and (ii) compromised tissue perfusion as a hallmark of HF results from a local vascular phenomenon and, at least in early HF stages, occurs independent of changes in MAP.
Several molecular concepts explain how enhanced myogenic responsiveness in HF can be maintained over extended periods of time. They propose that in HF, intrinsic signaling mechanisms that regulate myogenic responsiveness under physiological conditions [55, 56] are 'hijacked' to increase the 'gain' of the response. We propose a new concept that could solve this dilemma by linking the regulation of myogenic responsiveness to the prevalent inflammatory response in HF. In essence, we propose that in HF the inflammatory cytokine TNF-α increases the gain of the myogenic mechanism to enhance myogenic tone at any given level of transmural pressure ( fig. 2 ). This idea of a specific role for TNF-α is supported by a combination of complimentary in vivo and in vitro findings -in an LAD-ligation mouse model: (i) HF is associated with an upregulation of TNF-α mRNA and protein within the VSMCs of the microvascular wall [57] , (ii) in vitro TNF-α scavenging with etanercept [58] normalizes augmented myogenic responsiveness in isolated cerebral and skeletal muscle resistance arteries [57, 59] , (iii) in vivo (systemic) etanercept treatment restores cerebral blood flow [57] and (iv) arteries isolated from HF TNF-α -/-mice do not display enhanced myogenic responsiveness [54, 59] .
TNF-α targets microvascular sphingosine-1-phosphate (S1P) signaling, which provides an immediate link to the regulation of myogenic responsiveness. As a bioactive phospholipid, S1P is formed by VSMCs in response to altered transmural pressure and is required for the initiation and maintenance of the pressure-induced myogenic response [60-63, for a comprehensive review see 55 ] . Briefly, increases in transmural pressure promote the synthesis of S1P through phosphorylation of sphingosine (a sphingolipid component of the inner leaflet of the plasma membrane) by sphingosine kinase 1 (Sphk1). The activation of Sphk1 results from a pressure-dependent and Erk1/2-mediated phosphorylation of Sphk1 at Ser 255 , which promotes the translocation of Sphk1 to the sphingosine-rich plasma membrane. Pressure-dependently formed S1P serves two functions in VSMCs: (i) intracellular S1P stimulates the release of Ca 2+ from the sarcoplasmic reticulum to enhance MLCK activation and MLC 20 phosphorylation and (ii) the extracellular portion of S1P is a ligand to S1P 2 G-protein-coupled receptors (S1P 2 R) and promotes Ca 2+ -sensitization through RhoA/ Rho kinase activation, subsequent MLCP inactivation and the resulting reduction of MLC 20 dephosphorylation. The bioavailability of S1P is determined by its production by Sphk1 and its degradation by the S1P phosphohydrolase 1 (SPP1, localized on the endoplasmic reticulum). The import of S1P prior to its intracellular degradation is functionally linked to the cystic fibrosis transmembrane free buffer). All vessels display robust vasoconstriction in response to sympathetic stimulation (i.e. phenylephrine). b At 6-8 weeks post-LAD ligation (i.e. in HF), posterior cerebral arteries exhibit strong pressure-induced myogenic vasoconstriction, indicating an HF-associated recruitment of these normally 'myogenically silent' arteries to the myogenic mechanism [57] . regulator (CFTR), which identifies CFTR as a critical bottleneck for S1P degradation by SPP1 [54, 62] . TNF-α regulates the intramural concentration of S1P through two complementary mechanisms: Sphk1 activation [57, 64, 65] and CFTR downregulation [62, 66] .
The downregulation of CFTR seems to represent the primary mechanism by which TNF-α enhances myogenic responsiveness and, hence, TPR in vivo. The expression of CFTR in VSMCs is inversely proportional to: (i) the size of the infarct and (ii) the amplitude of the pressure-induced myogenic response. Systemic treatment of HF mice with etanercept 6 weeks after myocardial infarction (i.e. when pathologic cardiac remodeling is complete) restores microvascular CFTR expression and normalizes myogenic responsiveness and cerebral blood flow [54] . The outcome showing the rescue of CFTR expression and normalization of myogenic responsiveness and cerebral blood flow by late onset etanercept treatment has several important implications: (i) TNF-α is central to the microvascular changes in HF, (ii) microvascular effects of TNF-α are therapeutically accessible and (iii) the HF-induced microvascular phenotype is reversible. Along the same lines, it is tempting to speculate that the reversal of microvascular functional remodeling might delay the progression of cardiac damage through reduction of the cardiac mechanical Fig. 2 . The TNF-α/S1P signaling axis in HF. On the level of resistance arteries, HF is associated with increased autocrine and paracrine effects of microvascular smooth muscle-derived TNF-α. The functional changes observed in resistance arteries of HF mice result from two distinct TNF-α-driven mechanisms:
(i) activation of Sphk1-mediated S1P synthesis and (ii) inhibition of S1P degradation (primarily resulting from reduced CFTR expression). These effects combine to increase S1P bioavailability and, hence, S1P-driven pressure-induced myogenic vasoconstriction. load. Separate results from HF mice treated immediately following LAD ligation demonstrate both a normalization of microvascular function and a clear trend towards better cardiac performance. This could either result from a direct effect of etanercept on the TNF-α-dependent progression of cardiac damage or the reduction in TPR, which would reduce the strain on the heart, or a combination of both.
The Translational Perspective
The concept reviewed here promotes the idea of using anti-TNF-α treatment (i.e. etanercept, infliximab) to ameliorate the microvascular effects of HF. The intended therapeutic consequence of improved tissue perfusion has the potential to recover end-organ function and some of the clinical deficits. The underlying idea of our therapeutic approach is similar to strategies that employ any combination of angiotensin-converting enzyme inhibitors, angiotensin receptor antagonists, hydralazine and nitrates to enhance vasodilation and, hence, tissue perfusion [11, 67, 68] . The primary advantage of our therapeutic approach lies in its specificity; it directly translates the mechanistic knowledge on TNF-α-driven myogenic S1P signaling and its effect on tissue perfusion in HF to specifically target this response and to modulate its strength with full preservation of autoregulatory function. Of note, the full elucidation of the TNF-α/S1P signaling pathway provides the opportunity to test and exploit several drug classes that target its different signaling components (e.g. TNF-α by etanercept/infliximab, S1P 2 R by JTE-013 and Sphk1 by dimethylsphingosine).
With regard to TNF-α, clinical trials (i.e. RECOVER, RENAISSANCE and RENEWAL, all multi-center, doubleblind and placebo-controlled) [69] with anti-TNF-α treatments in HF patients have unfortunately shown no benefit, a result that might have been favored by the rather cardiocentric study layout. The latter view largely neglected vascular parameters like blood flow, MAP or TPR as putatively important endpoints.
New insights from our animal experiments allow for alternative interpretations: although speculative at this point, those data provide an incentive to revisit anti-TNF-α treatment as a viable treatment option for some HF-associated comorbidities. For example, the beneficial effect of etanercept on cerebral blood flow in mice with HF could, if translatable, be suited to alleviate the impact of HF on neurological function in human patients. This argument could possibly be expanded to other organs as well (e.g. kidney, skeletal muscle), which could benefit from reversing the tissue perfusion-limiting effects of TNF-α in the microcirculation. In this regard, it is even more regrettable that the endpoints targeted in the human TNF-α scavenger studies did not provide more insight into the effects of the treatment on end-organ function. It is also worth considering that the anti-TNF-α treatment protocols in all previous trials were not intended, let alone optimized, to correct the microvascular dysfunction. Future approaches with the appropriate 'microvascular endpoint' might be able to correct this shortcoming.
In some of the human trials, TNF-α scavengers tended to increase risk of death and hospitalization, which resulted in premature termination of the studies. Although the underlying mechanisms remain elusive to date, our microvascular data might advise new ways to interpret these outcomes: a primary problem likely originates from the composition of the patient population, which did not discriminate patients based on the parameter of HF severity (i.e. studies included patients from NYHA stage II to stage IV). This was perfectly reasonable based on the trials' primary assumption that TNF-α scavengers would improve cardiac function independent of the stage of HF. However, the new vascular data invite the speculation that TNF-α scavenging at late HF stages drastically reduces TPR, thereby removing the last line of defense to maintain MAP in the setting of a maximally weakened heart. A severe reduction in MAP or even death would be the logical endpoints of such a scenario.
Conclusions
In essence, accumulating evidence suggests that the compensatory TPR increase in HF results from a TNF-α-driven enhancement of myogenic responsiveness in resistance arteries. Although critically important to the maintenance of MAP, it has increasingly negative effects on tissue perfusion and cardiac performance with further disease progression.
Following this line of argument, it is even tempting to speculate that in a scenario where CO is only moderately reduced and MAP still at acceptable levels (i.e. low-grade HF), TNF-α-driven and pressure-independent increases in TPR represent more of a complicating factor (that puts additional strain on the heart and hence, negatively impacts long-term prognosis) rather than a hemodynamic necessity.
Data from animal studies demonstrate that the TNF-α-driven increase in TPR can be successfully targeted with a TNF-α scavenging strategy, raising both the opportunity and challenge to translate these findings into the human situation. The major challenge lies in the negative outcomes of previous clinical trials that have severely dampened the enthusiasm for the use of TNF-α scavengers in the context of HF. However, refocusing on vascular endpoints and carefully rebuilding the argument from a strictly micro vascular perspective might help to resurrect a treatment option with potentially high benefits for HF patients.
